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Abstract

Novel, profound and unexpected roles of long non-coding RNAs (IncRNAs) are emerging in critical aspects of
gene regulation. Thousands of IncRNAs have been recently discovered in a wide range of mammalian
systems, related to development, epigenetics, cancer, brain function and hereditary disease. The structural
biology of these IncRNAs presents a brave new RNA world, which may contain a diverse zoo of new
architectures and mechanisms. While structural studies of IncRNAs are in their infancy, we describe existing
structural data for IncRNAs, as well as crystallographic studies of other RNA machines and their implications
for IncRNAs. We also discuss the importance of dynamics in RNA machine mechanism. Determining
commonalities between INcRNA systems will help elucidate the evolution and mechanistic role of IncRNAs in

disease, creating a structural framework necessary to pursue INcRNA-based therapeutics.

© 2013 Published by Elsevier Ltd.

Introduction

RNA is primarily known as an intermediary in gene
expression between DNA and proteins. Over the
past several decades, other roles for RNA have
been identified, which include protein synthesis,
gene regulation and nucleic acid processing. How-
ever, these RNAs were considered as outliers in a
transcriptome that consists mainly of protein-coding
RNAs. While this may be the case for bacteria and
certain unicellular organisms,’ transcriptomes in
higher eukaryotes are markedly different. Recent
deep sequencing studies in humans have shown
that more than two-thirds of the genome is actively
transcribed.? Since protein-coding genes constitute
a very small fraction of the genome,® non-coding
RNAs represent the vast majority (more than 80% in
mammals).* Recent studies estimate approximately
15,000 long non-coding RNAs (IncRNAs) in
humans.® In light of their expression profiles specific
to cell, cell cycle, tissue, developmental stage and
disease, it is difficult to precisely quantify the number
of human IncRNAs. We note that tens of thousands
of IncRNAs have been profiled in 2012.57'° This
recent explosion of newly discovered IncRNAs
suggests that non-coding RNAs may be the norm

0022-2836/$ - see front matter © 2013 Published by Elsevier Ltd.

rather than the exception in the case of eukaryotic
organisms.

LncRNAs are defined by the following: (i) lack of
coding potential and (ii) transcript length (>200 nt).""
These transcripts are generally nuclear retained and

transcribed by RNA polymerase |l, with many that are s:

spliced and polyadenylated.'>~'> LncRNAs may be
intronic, intergenic (large intervening non-coding

RNAs or lincRNAs) or antisense to the protein- :

coding genes (overlapping one or more exons).
While transcript lengths are normally in the range
1000-10,000 residues, the Air and kcngioti
IncRNAs have lengths that exceed 90 kb.'®7'8
Interestingly, in 2013, a novel “monster” non-coding
transcript, XACT (252 kb in length), was found to
originate from th1e9 active X chromosome in human
pluripotent cells. ' Many Inc s play key roles in
signaling,2°2? development, C?,"ncer,m'gi“29 em-
bryonic stem cell pluripotency, *° brain function,®'~3*
subcellular compartmentalization,®*°~3® chromatin
remodeling,m'3 40 plant biology and stress
response.”® Cell biology studies and functional
aspects of INcRNAs have been discussed by Rinn
and Chang in a recent review article, as well as in
many references therein.® Since IncRNAs are often
associated with histone modification and chromatin
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remodeling, epigenetic effects represent a unifying
theme. While the mechanism by which epigenetic
factors find their targets is largely unknown, many
recent studies indicate that IncRNAs may be a
necessary component of the network that guides
these factors to their chromatin targets. In addition to
epigenetic effects, the origin of IncRNAs is not well
understood. While the genomes of simple organisms
are dominated by protein-coding genes, the advent
of non-coding RNAs in higher organisms gave rise to
an incredible sequence space for exploration of new
function at the RNA level, creating sophisticated
regulatory networks. Possible evolution mechanisms
may include pseudogenization of protein-coding
genes, insertion of transposons and duplication of
genes. Investigations into the open area of the origin
and evolution of IncRNAs have the potential to yield
exciting results.

RNA machines

RNA molecules are able to form complex molec-
ular machines. The ribosome is one of the most well
known RNA machines since it has many movin%
parts and may be powered by GTP hydrolysis.***
In certain circumstances, the ribosome can function
without GTP hydrolysis (“factor-free translation”).*®
Factor-free translation is quite inefficient in compar-
ison to GTP-based translation and in comparison to
the far more efficient Protein-based molecular
motors (e.g., flagellum).*” The ribosome also pro-
cesses information by performing a look-up table
operation, converting the 4-letter nucleic acid alpha-
bet into the 20-letter protein alphabet. The group |
and group Il self-splicing introns are also molecular
machines as they use chemical energy to bring
together distant regions of RNA.**°° RNase P and
telomerase RNA also catalyze chemical reactions to
accomplish their function.®'™>® The riboswitch is
another type of RNA molecular machine.>* Ribos-
witches are molecular switches that sense their
environment and allow gene expression decisions to
be made on the basis of environmental inputs such
as ligand concentration.®*%° More complicated
tandem riboswitches act as logical AND gates. In
addition, complex combinations of aptamers can be
arranged into logic circuitry (e.g., OR, NAND, NOR
and NOT gates).®" Finally, RNA scaffolding that
controls information flow could be analogous to an
integrated circuit (a device that has no moving parts
but controls highly complex information flow in
computers). Recent studies suggest that several
different IncRNA systems may act as scaffolding,
controlling information flow in epigenetic systems.

Structural studies are often critical in deciphering
RNA machines and the mechanism of RNA action.
Few structural studies of individual INcRNAs have
been performed due to their enormous size and very
recent discovery.?°®® Considering that the high-

resolution structure of the bacterial ribosome
(>4500 nt) required more than two decades for its
solution, structural studies of IncRNAs are
formidable.®*®® Fundamental questions regarding
the structure of IncRNAs remain unanswered,
including:

(1) Is IncRNA mechanism dominated by pri-
mary sequence, higher-order structure or
both?

Do IncRNAs contain sub-domains?

Are IncRNAs complexed with many pro-
teins or do they exist as isolated RNAs that
transiently interact with proteins?

Are IncRNAs compact or extended?

Here, we attempt to provide a starting point for
structural studies of IncRNAs. Because tertiary
structures have not been solved to date, we review
tertiary structures of other RNA machines. We-next
summarize currently known structural features of
eukaryotic IncRNAs (Fig. 1). Finally, we discuss
IncRNA structure in the context of previously studied
RNA molecular machines and corresponding struc-
ture/function relationships.

Crystallographic studies of RNA machines in
bacteria and other unicellular organisms

Three-dimensional structure is often integral to the
function and mechanism of a biomolecular system.
Here, we review crystallographic structures of other
RNA systems. This review is by no means compre-
hensive but highlights the diversity of mechanism
and composition of RNA structure. The group |
intron, the group Il intron, the ribosome and RNase P
are the only RNAs with lengths greater than 200 nt
that have been studied at high resolution. 486

The group | and group Il introns are self-splicing
RNAs that catalyze their own cleavage. The struc-
ture of the group | intron consists largely of an
isolated RNA (~200 nt), organized into a well-
defined architecture by co-axially stacked helices
connected by single-stranded regions. The pre-2S
state of the group | intron includes an exon and also
contains mainly co-axially stacked helices con-
nected by single-stranded regions.®” Four of the
helices are capped by tetraloops. This structure
consists largely of an isolated RNA with one small
spliceosomal protein (U1A) bound to its extremity.
The active site contains two base ftriples, critical for
precise positioning of magnesium ions and catalysis.

The structure of the post-catalytic state of the
group Il intron, solved by Toor et al., contains
approximately 400 nt, organized into more than 10
helices, with most capped by RNA stem-loop
structures.®® The RNA contains many co-axially
stacked helices, forming a relatively compact overall
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Fig. 1. Examples of non-coding RNAs studied with structural methods. Purple, IncRNAs with existing structural information. Orange, examples of non-coding RNAs
with solved crystallographic structures. “3D” denotes systems with crystallographic structures; “2D” denotes systems with experimentally derived secondary structures
of the entire RNA.
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structure. A large number of long-range tertiary intricate five-way junction with many stacked non- 191
interactions connect the helices, including a kissing helical nucleotides. Several base triples exist in the 192
loop interaction, a ribose zipper interaction and an Z-anchor region, nearby the magnesium binding 193

Fig. 2. Tertiary structures of previously solved RNA complexes. (a) The group Il intron, solved by Chan et al., is a high;y
structured isolated RNA with a compact core.*® (b) The ribosome, solved by Gao et al., is highly structured and compact.”
Pink, rRNA; purple, tRNA; cyan, ribosomal proteins; yellow, elon1gation factor EF-G. Different protein factors bind to the
same binding sites, regulating protein synthesis. (c) RNase P.>" RNase P is structured and contains a single protein
binding domain. Pink, RNase P RNA; purple, tRNA; yellow, RNase P protein. (d) Cellulosome protein-based molecular
machine. The cellulosome represents a relatively disordered but highly efficient molecular machine. Red, white and pink,
cellulose substrate; gray, cellulase subunit; purple, dockerin connecting protein; blue, cohesin (disordered linker protein).
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sites associated with catalysis. Marcia and Pyle also
uncovered a reversible conformational change in a
study of the group Il intron, which included 14
structures, capturing several different |ntermed|ates
of splicing consistent with biochemical studies.®® A
structure of the group Il intron prior to the first step of
splicing*® shows a high degree of similarity in overall
architecture to the post-splicing configuration
(Fig. 2a). Interestingly, a significant conformational
change occurs in the core of the intron, where a
single-stranded region forms a kink motif, producing
a reversal in the direction of the RNA strand at this
location. It has also been suggested that the
spllceosome is mechanistically similar to the group
Il intron.®®

The largest RNA tertlary structure solved to date is
the ribosome ( F|g 2b).” The architecture of the
ribosome comprises two major subunits, whose
RNA structure is formed by a large number of
shorter RNA helices and a small number of longer
helices organized into a compact geometry. Approx-
imately 50 proteins (in the case of bacteria) are
interspersed throughout the ribosome complex,
producing a highly compact, globular architecture.
The globular domains of ribosomal proteins them-
selves typically reside on the exterior of the complex
and possess long tails extending to the interior of the
ribosome, near the active sites in some cases. The
70S complex is interconnected by an enormous
number of tertiary contacts, including both RNA/RNA
and RNA/protein interactions. The structure of the
ribosome is uniquely designed for its function: the
ribosome must (i) accept only correct tRNAs carrying
amino acids corresponding to the mRNA codon, (ii)
perform chemlstr¥ (adding the amino acid to the
nascent protei 2 and (iii) move the tRNAs through
the ribosome.”® A large cavity exists between the
small and large subunits. This cavity is used to
transport the tRNA ligands through the ribosome.
The six major active sites of the ribosome are RNA
based. In addition to ribosomal proteins, other
protein factors bind to the ribosome, facilitating the
initiation and termination of translation, translocation
of the ribosome along the mRNA, improved fidelity of
tRNA selection and regulation of protein synthesis.
While ribosomal proteins bind all over the ribosome,
protein factors bind at a few select sites, associating
and dissociating with the ribosome at various stages.
These include the GTP-associated center and the
three tRNA binding sites (the aminoacyl! site, the
peptidyl site and the exit site). Elongation factors EF-
Tu and EF-G each bind to GTP-associated center
during different stages of the elongation.

Several different RNA action mechanisms allow
the ribosome to accomplish its function. Locally, a
conformational selection mechanism may act at the
decoding center (the aminoacyl site on the small
subunit) during certain stages of elongation. During
translocation of the ribosome along the mRNA, many

large-scale conformational fluctuations occur simul-
taneously and at different timescales. Protein binding
or GTP hydrolysis events act to synchronize the
fluctuations, shifting the equilibrium to the next basin
in the energy landscape and allowing the rlbosome to
progress through the elongation cycle.*®

RNase P (~330-400 nt) can be considered a
canonical RNA that is compact, hlghly structured
and binds a single protein (Fig. 2c).°" RNase P is an
RNA-based multiple-turnover enzyme that catalyzes
5" end maturation of tRNA and other RNAs. While
the complex is dominated by RNA, a small protein
component (approximately 10% of total mass)

increases the affinity of tRNA to RNase P. The 266

overall architecture of the RNA is similar to the self-
splicing introns, consisting mainly of co-axially
stacked heI|ces connected by various tertiary
interactions.”

The structure of the intact telomerase RNA, TER
(~450 ntin humans), has yet to be solved; however,
this system represents an interesting RNA in the
context of IncRNAs.> The template for telomeric
repeat extension resides within the TER. The
telomerase RNA (TER) binds to telomerase reverse
transcriptase (TERT), facilitating nucleotide addition
to telomeric regions. Crystal structures of portions of
the telomerase RNA have been solved. These
structures show a high degree of organization with
several tertiary interaction motifs, including a well-
studied and functionally important pseudoknot near
the RNA template sequence. The structural integrity
of the RNA is dependent to some degree on the
interactions of TERT and accessory proteins.” In
yeast, the precise location of the telomerase subunit
(est1p's binding domain on this RNA) is not the key
to its function and can be positioned within the RNA
at different locations while maintaining function.®
These important experiments suggest that the
telomerase RNA may act as flexible scaffolding for
protein binding. Another telomerase-associated
RNA is the telomere-repeat-containing RNA
(TERRA). This RNA is transcribed from positions
near the telomeric ends and includes sequence from
the telomeric repeats. This RNA has been found to
associate with chromatin. TERRA appears to local-
ize near the telomeres. Its association is negatively
regulated by effectors of the nonsense-mediated
RNA decay pathway.’® The presence of mcreased
concentrations of TERRA may inhibit telomerase.’

LncRNA mechanisms based on primary structure

In several cases, mechanistic information has
been gained by studying the primary structure of
the IncRNA. Here, the role of IncRNA is mainly to
provide sequence specificity to a process. Such
mechanisms are well known in other RNA systems
such as RNAi (RNA interference), where base
pairing between short regulatory RNAs [siRNA

Please cite this article as: Novikova, I. et al., Rise of the RNA Machines: Exploring the Structure of Long Non-Coding RNAs, J. Mol.
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(small interfering RNA) or miRNA (micro RNA)] and
mRNA plays a critical role in gene regulation.’®
RISC (RNA-induced silencing complex) complexes
use these short RNAs as templates to locate and
silence their mRNA targets.’®°* The protein-based
RISC complex provides the structural architecture
and is responsible for either directl\é cleaving the
target or down-regulating translation. %

A first example is the 1/2-sbsRNA, which facilitates
MRNA decay by base pairing with the 3'-untrans-
lated region (STAU1-mediated mRNA decay).'®
Once bound, the INcRNA/mRNA complex is recog-
nized by the double-stranded RNA binding protein,
STAU1, triggering mRNA decay. Another example is
the DHFR IncRNA, which is transcribed from a minor
promoter of the dihydrofolate reductase gene and
plays a key role in the epigenetic mechanism of
promoter-specific repression of transcription.®®
Here, the IncRNA forms a complex with the major
promoter and also interacts with the transcription
factor 1IB, disrupting the preinitiation complex.
Additional evidence exists in other systems for the
cotranscriptional recruitment of chromatin modifying
complexes utilizing base pairing between the na-
scent RNA and its antisense transcript.®” Antisense
IncBRNAs have been also shown to regulate splicing
by interacting with mRNAs. The long non-coding
Zeb?2 natural antisense transcript is antisense to a 5’
splice site of the Zeb2 mRNA. Binding of Zeb2
inhibits splicing of MRNA and, as a result, preserves
the internal ribosome entry site, necessary for
efficient translation.®® Linc-MD1, associated with
muscle differentiation, is an example of an IncRNA
that serves as a decoy for miRNAs. This IncRNA
regulates miRNA action by providing alternative
binding sites, effectively titrating the miR-133 and
miR-135 away from their targets.®® These binding
sites tend to be relatively short (i.e., much shorter
than the total length of the INcRNA). The much larger
remainder of the IncRNA may play an additional
structural role in the IncRNA's mechanism of action
yet to be determined.

Structural probing studies of IncRNAs

Secondary structure often plays a critical role in
RNA mechanism, underpinning overall tertiary ar-
chitecture by defining helices, bulges, stem—loops,
internal loops, junctions and sub-domains. Second-
ary structure alone can provide the basis of function
when (i) the secondary structure defines a platform
for unique protein recognition or (ii) a single
sequence produces two competing secondary struc-
tures, as in the case of the riboswitch. The riboswitch
represents a quintessential secondary-structure-
based RNA mechanism.>>¢° Here, a single sequence
of RNA has two different secondary structures,
which compete with each other to determine the
outcome of gene expression. Often, ligand concen-

tration shifts the equilibrium between secondary :
structures, resulting in the formation or destruction :

of a transcriptional terminator helix. In riboswitch

studies, the action mechanism (i.e., that the RNAis a :
ligand-based molecular switch) is determined by :

studying the secondary structure, without the need

for tertiary structure studies. Breaker et al., who have :
discovered most of the known riboswitches, used :

chemical probing experiments (in-line probing) to

determine the secondary structure of the riboswitch :
d.56’57‘90’91 .

in the presence or absence of the ligan
Their technique has been validated in many crystal-

lographic studies.®**%9%:9 While many computa- :

tional techniques have been developed to predict
secondary structure, predicting the secondary struc-

ture of Iong RNA sequences remains a significant :
4 strategy uses ma- :

%8 One promisin

challenge.
95—

chine learning approaches. Our experimentally
determined secondary structures are convenient
benchmarks for new predictive algorithms.

Our group has produced the first experimentally

derived secondary structure of an intact IncRNA, the :
steroid receptor RNA activator (SRA).2° This :

IncRNA co-activates a variety of sex hormone

receptors (ER, AR, TR, GR, RAR) and has been :
shown to directly interact with several proteins (ER, :

SHARP, SLIRP, DAX-1, SF-1, TR, Pusip).%°

SRA has been found to associate with CTCF and is 394

thought tooplay a scaffolding role in the transcription
complex.'® SRA is also strongly associated with

breast cancer and may be useful as an early onset :

tumorigenesis marker. As many IncRNAs are similar
in size to ribosomal subunits, we followed the
footsteps of Noller, Woese and Gutell by (i)
performing extensive chemical probing to produce

a secondary structure of the full IncRNA (~870 nt) -

and (i) validating with covariance analysis across
multiple sequences (Fig. 3). 193104

Our experiments uncovered an intricate and highly -

structured two-dimensional architecture of the
IncRNA, organized into four major sub-domains. To
determine the secondary structure, we employed
four methods of structural probing: selective 2'-
hydroxyl acylation analyzed by primer extension
(SHAPE), in-line probing, DMS probing and RNase

Vit digestion. The four methods yielded complemen- 4

tary information about the secondary structure of the
intact IncRNA and were highly consistent with each
other. Overall, the IncRNA comprises 25 helical
segments (H1-H25), 16 terminal loops, 15 internal
loops and 5 junction regions (Fig. 3), consistent with
the 16S rRNA (~ 1540 nt), which contains 45 helices,
31 terminal loops, 26 internal loops and 18 junction
regions. In the SRA system, helices H1-H7 com-
prise domain |. Helices H10—-H14 comprise domain
Il. Helices H8, H9 and H15—H21 comprise domain I,
while helices H22—-H25 comprise domain IV. While

domains I-lll are highly conserved, representing the -

core region of SRA, domain IV is evolutionarily
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Fig. 3. First experimentally derived secondary structure of an intact higher eukaryote IncRNA, to our knowledge. The
human SRA has a length of 870 nt, organized into 4 sub-domains and 25 helices. Four biochemical techniques were used
to obtain the secondary structure (SHAPE, in-line, DMS and RNase V1). The vast majority of helices were validated with
covariance analysis based on multiple sequence alignment across vertebrates. Yellow, domain [; blue, domain II; purple,
domain IIl; green, domain IV. Inset: secondary structure annotated with SHAPE probing results (SHAPE). Orange/red,
high reactivity nucleotides; yellow, medium reactivity; gray/black, low/no mobility.

divergent and highly variable in sequence across
mammals. Therefore, our initial expectation was that
this region would have little structure because there
was no obvious sequence conservation across
species. However, we found that this domain does
comprise a number of helical components, even

though the helical density is slightly lower compared 432
to the rest of the sequence. This is consistent with 433
the recently solved crystallographic structure of the 434
80S yeast ribosome, whose expansion segments 435
are highly variable in sequence yet highly structured 436
in the crystallographic study.'%° 437
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We also found that the SRA RNA secondary
structure contains many highly conserved, purine-
rich elements, primarily located in single-stranded
regions of RNA. The same preference toward single-
stranded regions is also found in riboswitches and
ribosomes, attributed to the base-stacking propen-
sity of purines. For example, in the eukaryotic
ribosome, expansion segment 6 (ES6) contains
purine-rich single-stranded regions.'®® While, at
first glance, this secondary structure might suggest
a significant amount of disorder, the crystallographic
structure reveals a high degree of organization, with
many of the single-stranded nucleotides participat-
ing in non-Watson-Crick base pairs (Fig. 4). Using a
multiple sequence alignment across 45 species for
the SRA gene, we were able to calculate the degree
of covariation of base pairs between species.
Helices H2, H3, H4, H6, H7, H8, H9, H12, H13,
H14, H15, H19, H20 and H21 possess at least one
covariant base pair.

Generally, the longer the RNA sequence, the more
alternative folding choices are present. Probing
experiments on SRA were sufficient in most cases

GG
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to select the correct regional fold, but for some RNA
sections, more information was required. In these
regions, we opted to use an additional experimental
technique, Shotgun Secondary Structure determi-
nation, where sub-fragments of the full RNA are
probed to determine modularly folded sub-domains
of SRA.?° This technique enabled us to determine
much of the secondary structures of domain Il and
domain lll. We note that several interesting studies
of viral secondary structures have been performed
using SHAPE probing. '°¢'% To obtain the second-
ary structure fold, we incorporated SHAPE reactivity
data with structure predictions based on thermody-
namic parameters. Covariance analysis and frag-
ment-based probing strategies such as the shotgun

methodology can be used to help validate these 476

structures.

In addition to studies of single intact INcCRNAs,
Chang et al. are pioneering genome-wide studies of
RNA secondary structure. Performing RNase diges-
tion as a function of temperature, they have
produced a technique capable of measuring RNA
folding energies on a genome-wide scale.®® The

Fig. 4. Expansion segment ES6
of the yeast ribosome small subunit.
(a) Secondary structure of ES6
displays a large internal loop
(22 nt) and a large stem—loop (13-
nt loop). (b) Despite the lack of
canonical base pairs, both the
internal loop and the stem-loop
are highly structured in the recent
X-ray structure of the yeast ribo-
some solved by Ben-Shem et al.'%®
Many of the purines in the internal
loop form noncanonical base pairs.
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experiments reveal key features near the start codon
in mMRNAs. The study also suggests that IncRNAs, on
average, appear to be structured, with a level of
structural content in between the structural content of
the ribosome and the structural content of a typical
mRNA. Lucks et al. have developed a method to
perform SHAPE probing with the lllumina platform,
which may also be scalable to genome-wide
studies.''® New SHAPE reagents for in vivo RNA
probing, with better solubility and increased half-lives,
have recently been introduced by Spitale et al.'""

Interesting structural elements involved in non-
canonical 3' end processing mechanisms have
been determined for other IncRNA.?%7-112 Matura-
tion of the NEAT1_v2 (MEN beta) and MALAT1
transcripts relies on the formation of a cloverleaf
(four-way junction) secondary structure. It is a highly
conserved element, which mimics pre-tRNA sub-
strate and recruits the RNase P complex. Subse-
quently, RNase P cleaves upfront of this element,
generating the mature ends of NEAT1_v2 and
MALAT?1 transcripts. The cleaved 3' end fragments
undergo an additional processing by RNase Z to
yield shorter tRNA-like transcripts, named
mascRNA (generated from MALAT1) and menRNA
(generated from NEAT1_v2).

The human accelerated region RNA, HART,
associated with neocortex development, also con-
tains a cloverleaf element, as evidenced by in vitro
structural probing studies.’™® Interestingly, signifi-
cant sequence and structure divergence is observed
between human and chimpanzee (18 mutations),
attributed to brain evolution.’*"> |In chimpanzee,
structure probing of this region revealed an extended
hairpin structure.’'® It has been suggested that the
chimpanzee RNA may form a cloverleaf element in
the presence of an additional protein.

Another element observed in IncRNAs is the
double stem—loop, often associated with chromatin
remodeling. This is a particularly interesting example
because many IncRNAs have been shown to play
important roles in chromatin remodeling, a focus of
many transcriptome-wide IncRNA studies.'>"'6117
In embryonic stem cells, Zhao et al. and Surface et al.
discovered >9000 IncRNAs that interact with the
polycomb repressive complex (PRC2).''8'"9 Bjo-
chemical analysis of PRC2-interacting IncRNAs
showed that binding occurs through EZH2, a
component of PRC2. In another study, a CLIP-seq
investigation of RNAs associated with the SFRS1
splicing factor uncovered >6000 spliced non-coding
RNAs. Overall, chromatin remodeling IncRNAs
appear to act in trans via association with chromatin
modifying enzymes.''® It has been suggested, for
the XIST system, that some of these interactions may
occur via double stem—loop RNA elements. 29121

Double stem—loop RNA motifs have also been
implicated in a PRC2-binding region of the HOTAIR
IncRNA."? HOTAIR (2.2 kb) regulates HoxD genes

by recruiting the PRC2 and lysine-specific demethy-
lase (LSD), which each modify histones at targeted
loci. Deletions of portions of the HOTAIR RNA show
that PRC2 binds to a 300-nt region in the 5’ end of
HOTAIR and LSD binds to a 646-nt region at the 3’
end. The intervening sequence may spatially orga-
nize the two interaction sites. This region may also
contain motifs necessary for targeting. The exact
structures of the LSD1 binding motifs have not been
determined. Another system, the growth-arrest
specific non-coding transcript (gas5), contains a
hairpin element. This element is responsible for
regulation of the glucocorticoid receptor (GR) via a
decoy mechanism, mimicking the DNA hormone-
responsive element.?"

Possibilities for IncRNA three-dimensional
structure

In the case of IncRNAs, many interesting ques-
tions are yet to be answered. For example, should

we expect to encounter structural motifs already met :

in known RNA systems? What are the structural
differences at the RNA level across various organ-

isms? In light of the rapid turnover of INcRNAs, do we s¢:

expect the evolution of unique lineage-specific
structural elements?

We currently lack information on the tertiary :

structure of IncBRNAs. In addition, it is not known if
InNcRNAs exist in ribonucleoprotein complexes

(RNPs) or predominantly as isolated RNAs. With :

regard to tertiary structure, the ribosome is an
interesting system for comparison since the ribosome

is the only RNA system >1 kb whose crystallographic :

structure has been solved. In terms of the composition
of a typical IncRNA complex, the total number of

unique IncBRNAs and unique proteins is a useful :

constraint. As mentioned above, the number of
human IncRNAs has been estimated to be
~15,000,° while the number of protein-coding genes
is ~21,000. 22 While ar IncRNA-based ribosome-like
RNP complex could exist, it is unlikely that most

IncRNAs are ribosome-like RNPs, given the limited :

number of unique protein-coding genes relative to the
number of unique INncRNA transcripts. Ruling out
ribosome-like RNA complexes, the following possibil-
ities remain for the composition of IncRNA complexes:
(1) RNP complexes with many repeats of a few
proteins, (2) RNP complexes with only a few proteins
or (3) isolated RNAs that transiently bind proteins as
needed for function. For scenario (1), ~10 protein
copies per 1 kb of IncRNA would be required to
produce complexes with a similar protein-to-RNA ratio
as the ribosome (e.g., 20 protein copies for HOTAIR).

In scenarios (2) and (3), IncRNA complexes would 59:

be similar in composition to RNase P, telomerase
RNA or the group I/l introns. An “RNase-P-like”
IncRNA complex would contain a highly structured
and compact RNA core with a single protein binding
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site (Fig. 5a). Alternatively, the RNA could be
structurally decentralized without a compact core,
containing several distinct protein binding sites
(Fig. 5c). The IncRNA may also act as a flexible
structural scaffold, as suggested for the telomerase
RNA (Fig. 5b). In loose terms, such a flexible RNA
could be analogous to the cellulosome, where many
cellulase subunits are connected by long disordered
linker proteins (Fig. 2d). The cellulase subunits do
not act coherently but allow the cellulosome to
efficiently process cellulose. Finally, the IncRNA
could exist predominantly as an isolated, highly
structured RNA, similar to the self-splicing introns.

Here, the RNA may transiently bind proteins that
each perform a specific function.

Supramolecular IncRNA complexes

The large size of certain INcRNA systems has
produced new kinds of RNA complexes on a scale
not previously studied in the context of structural
biology. In X chromosome inactivation, the human
XIST is responsible for gene silencing on the inactive
X chromosome (Xi). At 17 kb, XIST is one of the
largest INcRNAs. A large number of XIST copies are
transcribed to physically coat the X chromosome.

Fig. 5. Homology models representing potential paradigms for IncRNA tertiary structure. (a) Compact core. The IncRNA
(pink) is highly structured and has a protein (yellow) binding site that may bind different proteins. (b) Loosely organized
protein binding domain with relatively unstructured RNA. (c) Decentralized. The IncRNA possesses several protein

(yellow) binding sites but no compact core.
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FISH experiments suggest that XIST RNAs not only
interact with chromatin but also crosstalk to produce
a very large structural architecture on the scale of the
entire X chromosome. '>>7'2° The kengiot1 IncRNA
(108 kb) is also thought to coat chromosomes. '¢18

Other IncRNAs participate in subcellular struc-
ture formation, including NEAT1 (paraspeckle
formation)2”37:38.126 and MALAT1/NEAT2 (nuclear
speckle formation).28:36:33.127.126 NEAT{ non-coding
RNA has two isoforms: a short NEAT1_V1 (3.7 kb)
and a long NEAT1_V2 (22.7 kb). While the shorter
transcript aids in the paraspeckle assembly, a longer
transcript NEAT1_V2 acts as an essential scaffold,
creating-ferming a structural network with sausage-
like morphology. 29130 To date, we-igtentify up to 35
paraspeckle-associated proteins, which range from
the splicing factors, the 3’ end processing enzymes
and the disease-related proteins. 2°

From structure to mechanism: IncRNA dynamics

The dynamics of IncRNAs must be studied to fully
understand their mechanisms. Timescales, in partic-
ular, have been shown to play a critical role in
understanding the mechanism of other molecular
machines. In the ribosome system, rapid kinetics
studies placed many useful constraints on the order of
events in tRNA selection and translocation prior to the
solution of X-ray structures of the ribosome. 3132
With structural data in hand, single-molecule studies
have identified more sub-steps of these processes,
improved our understanding of transitions between
states and produced a new framework for
mechanism.”®

As IncRNAs have only recently emerged as a
class of RNAs, very little is known about the relevant
timescales of INcRNA function. One recently discov-
ered IncRNA, DBE-T, is an illustrative example with
respect to processes that can occur in IncRNA
systems.*° Here, the DBE-T IncRNA is an important
part of the epigenetic switch associated with
facioscapulohumeral muscular dystrophy. DBE-T is
cis-acting RNA and tethers epigenetic factors to the
D4Z4 binding element (DBE). As a result, histone
methylation occurs. Here, timescales related to
transcription, folding, protein binding to the RNA,
protein binding to the chromatin and histone meth-
ylation should be studied to determine the rate-
limiting step.

Summary

LncRNAs have emerged as a new class of RNAs,
playing important roles in development, stem cells,
cancer, brain disease and epigenetic mechanism.
LncRNA mechanism may be based on sequence,
secondary structure, tertiary structure or a new
combination of these mechanisms. In light of the
high degree of diversity among IncRNAs, it is

possible that the full mechanistic arsenal of previ-
ously studied RNAs may be employed in various
IncRNA systems. Because we are in the early stages
of IncRNA research, it is not clear if majority of these
systems provide scaffolding for gene regulation
complexes or engage in more active roles, such as
catalysis, molecular switching or information proces-
sing. With the identification of many thousands of
IncRNAs in recent years, it is clear that new
structural studies will play a key role in demystifying
these strange, new RNA machines.
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